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ABSTRACT 
State-space models of the open-loop dynamics for the cruise flight condition (V = 90 
KCAS) of a modified Navion were extracted from flight data using a frequency-
domain identification method. The identified longitudinal and lateral/directional 
models closely match the aircraft’s dynamic response, in both magnitude and phase, 
for dissimilar flight data. The identified lateral/directional dimensional stability and 
control derivatives, the model parameters, compare well to values obtained from 
previous wind tunnel testing. The identified longitudinal derivatives, however, differ 
from the wind tunnel results, in some cases significantly. The results for the 
longitudinal derivatives are attributed to insufficient excitation of the aircraft, 
particularly at the low frequency end (from about 0.2 Hz to 0.6 Hz), and to 
differences in the test conditions (most notability, the flight data was for the gear 
down configuration, not gear up as in the wind tunnel study). Further investigation, 
including additional flight data (preferably from a Navion without fixed gear), is 
needed to fully resolve these issues, and necessarily identify the longitudinal 
derivatives. 
 iii
PREFACE 
This study is part of ongoing flight-testing research by the Aviation Systems and 
Flight Research Department at the University of Tennessee Space Institute. It follows 
a 1998 study by Randy Bolding of the “closed-loop” handling qualities of the 
Navion’s (N66UT) conventional and fly-by-wire controls using frequency-domain 
techniques, entitled: “Handling Qualities Evaluation of a Variable Stability Navion 
Airplane (N66UT) Using Frequency-Domain Test Techniques”. 
This study involved the planning and execution of a flight test to collect input and 
output parameter data for the Navion (N66UT), and data analysis and model 
development using CIFER® (Comprehensive Identification from FrEquency 
Responses), a system identification and verification software facility. It is intended to 
lay the ground work for future efforts aimed at developing a gain scheduling routine 
that ties together derivatives identified at select airspeeds to form a [single], variable 
coefficient, state-space model of the Navion (N66UT) that is applicable over a wide 
airspeed range. 
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NOMENCLATURE 
Unit Description  
   
dB Decibels  
deg Degrees  
ft Feet  
lbs Pounds  
rad Radians  
sec Seconds  
 
 
Abbreviation Description  
   
a/c Aircraft  
C.G. Center of gravity  
CZT Chirp z-transform  
DFT Discrete Fourier transform  
FBW Fly-by-wire  
FFT Fast Fourier transform  
Hd Density altitude  
Hz Hertz  
KCAS Knots calibrate airspeed  
LOE Low-order equivalent  
MAC Mean aerodynamic chord  
MIMO Multi-input/multi-output  
OAT Outside air Temperature  
SISO  Single-input/single-output  
UTSI University of Tennessee Space Institute  
 
 
Symbol Description Units 
   
ax,AX Longitudinal acceleration (positive out the nose of 
the a/c) 
ft/sec2 
ay, AY Lateral acceleration (positive out the right wing of 
the a/c) 
ft/sec2 
az, AZ Normal acceleration (positive downward) ft/sec2 
f Frequency Hz 
g Acceleration due to gravity (at sea level) ft/sec2 
Gxx Input autospectrum power-dB 
Gxy Cross-spectrum power-dB 
Gyy Output autospectrum power-dB 
H Frequency-response dB 
NOMENCLATURE (CONT’D) 
 
 viii
Hd Density altitude ft 
l, L Rolling moment ft-lbs 
m, M Pitching moment ft-lbs 
n, N Yawing moment ft-lbs 
p, P Roll rate (positive right-wing down) deg/sec 
q, Q Pitch rate (positive nose up) deg/sec 
r, R Yaw rate (positive nose right) deg/sec 
s Laplace variable 1 
S Wing plan form area ft2 
u, U Longitudinal speed component  ft/sec 
u Control input vector   
v, V Lateral speed component  ft/sec 
w, W Normal speed component  ft/sec 
x State vector   
y Measurement vector   
 
 
β Sideslip angle deg 
δa, DAIL Aileron surface deflection (positive for right-
aileron tailing edge up, which results in a positive 
roll rate) 
deg 
δe, DELE Elevator surface deflection (positive for elevator 
trailing edge down, which results in a negative 
pitch rate) 
deg 
δr, DRUD Rudder surface deflection (positive for rudder 
trailing edge left, which results in a negative yaw 
rate) 
deg 
φ, PHI Bank angle deg 
θ, THTA Pitch angle deg 
ψ Heading angle deg 
ω Frequency rad/sec 
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1. INTRODUCTION AND PURPOSE 
Determining an aircraft’s dynamic characteristics from flight data is a primary 
objective of most any flight test program. For flight dynamics investigations needing 
only to describe an aircraft’s handling qualities, conventional flight-test and analysis 
techniques which can only characterize the frequency and damping of the dynamic 
stability modes, and some static parameters, are usually adequate. A reasonably 
complete math model, however, is needed to develop control laws for modern flight 
control systems, and for piloted simulation.1 Development of comprehensive analysis 
tools, along with advances in computational capabilities, has substantially enhanced 
the use of parameter identification techniques to fulfill this modeling need. In 
particular, flight test organizations now have the option to use frequency-domain 
identification techniques, which have a distinct advantage over time-domain 
techniques in that they are well suited for unstable systems, and are unbiased for 
process and measurement noise. Frequency-domain techniques are also advantageous 
because they do not require comprehensive, high fidelity analytical modeling with its 
inherent assumptions. That is to say, frequency-domain techniques can be used to 
describe the dynamics of an aircraft a priori using frequency responses (non-
parametric describing functions) before any model structure is assumed. Where as, 
time-domain methods such as the Maximum Likelihood Method require that a 
[parametric] model structure be determined before any analysis can begin.  
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The Navion (N66UT) was selected for this investigation due to its availability as an 
instrumented test aircraft, and because derivative estimates determined from previous 
wind tunnel testing were available for comparison. 
The purpose of this study is to create a 6-DOF state-space derivative model of the 
rigid-body dynamics for the Navion (N66UT) from flight data, using frequency-
domain identification techniques. 
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2. BACKGROUND 
2.1 PREVIOUS RESEARCH 
Scientific interest in describing an aircraft’s dynamic behavior in terms of stability 
and control derivates data dates back to reports published by the National Advisory 
Committee on Aeronautics (NACA) in the early 1920’s.2 Research involving 
frequency-response identification is not new either. In fact, the earliest reported 
research of frequency-response identification of aircraft dynamics from flight data 
was conducted in 1945 at the Cornell Aeronautical Laboratory.3 For this study, low-
order transfer-function models were derived for the B-25J aircraft using a least-
squares fit of frequency-responses extracted from steady-state sine-wave inputs. 
Comprehensive surveys of identification research conducted during the 1950’s, 
1960’s and early 1970’s can be found in Reference [3]. More recent frequency-
domain identification efforts are described in References [4], [5] and [6] in which 
transfer-function and 6-DOF rigid-body models of various helicopters and tilt-rotors 
are derived using CIFER®, the frequency-domain identification analysis software 
used by this study. 
The Navion has also been used for a number of research efforts. Of particular 
relevance to this study are three (3) dynamics studies conducted at Princeton 
University—Princeton was the previous owner of this study’s test aircraft—in the 
early 1970’s. The first study compared the non-dimensional aerodynamic parameters 
obtained from various analytical measurements, wind-tunnel testing, and flight-test 
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data.7 That study found large differences between the wind-tunnel and flight-test 
values. The second study extracted non-dimensional aerodynamic parameters from 
flight data using a maximum-likelihood minimum-variance technique.8 Results from 
the study showed that the values of the parameters were affected by the data and math 
model used during the extraction process. The third study compared the longitudinal 
derivatives estimated from several different parameter identification methods.9 The 
study concluded that the type of identification method only weakly affected the 
estimated short-period dynamics, and that results for the aerodynamic coefficients 
were dependant on the type of math model and the type of test data. The study further 
showed that the Navion has stick-fixed longitudinal stability for angles of attack up to 
and through stall at 25% MAC, and that power had a small destabilizing effect. 
2.2 STATE-SPACE MODELING 
State-space modeling is a mathematical characterization of the [coupled] aircraft 
dynamics in terms of ordinary linear differential equations with constant coefficients. 
The coefficients of the equations are the force and moment (stability and control) 
derivatives of the “linearized” equations of motion, as commonly derived using 
small-perturbation assumptions. For example, pitching moment is expressed in terms 
of the perturbation variables using a Taylor series expansion similar to the form of 
Equation 1. The remaining linear velocities and angular rates are similarly expressed. 
 ⋅⋅⋅+∆
∂
∂
+⋅⋅⋅+∆
∂
∂
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∂
∂
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= p
p
Mw
w
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v
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MrqpwvuwvuM rea ),,,,,,,,,,,( δδδDDD  (1) 
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For the problem of parameter identification of a linear system, the process is assumed 
to be governed by the linear matrix differential equations (state and observation 
equations) presented in Equation 2 and Equation 3. Using this system structure, the 
problem then becomes one of estimating the parameter values of the coefficient 
matrix F (the stability derivatives) and the coefficient matrix G (the control 
derivatives) that describe the aircraft’s aerodynamic response to changes in the state 
variables, x, and the control variables, u. It should be pointed out that violation of the 
small-perturbation assumptions negates the validity of the results—this necessarily 
includes violation of the assumptions during test maneuvers to collect flight data. 
 GuFxxM +=  (2) 
 xHxHy C21 +=  (3) 
2.3 RIGID-BODY DYNAMICS 
The dynamic behavior of an aircraft is significantly shaped by its stability and control 
characteristics, which in turn have their roots in the aerodynamics of the airframe.10 
6-DOF “linearized” state-space models, based only the rigid-body states u, v, w, p, q 
and r, are usually sufficient to describe the aerodynamic response of conventional, 
fixed-wing aircraft, such as the Navion (N66UT). Limiting the model to (6) degrees 
of freedom results in a total of (60) possible derivatives, including (36) stability 
derivatives and (24) control derivatives. Many of the derivates, however, are often 
negligible, and can be dropped from the model. This includes longitudinal cross-
coupling derivates for “uncoupled” aircraft, as well as the thrust derivatives (when 
  6
changes in forward velocity are assumed negligible). As such, the dynamics of an 
aircraft may be described by simpler longitudinal and lateral/directional subsystems, 
typically of the form presented by Equation 4 and Equation 5, respectively. 
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2.4 IDENTIFICATION 
System identification is a procedure for accurately characterizing the dynamic 
response of a complete aircraft, subsystem, or individual component from measured 
data.11 Parameter identification, the determination of stability and control derivatives, 
from flight data is a special application of system identification. In simple terms, 
identification is a process by which computer model outputs are matched with time 
histories (in this case flight data). Other aerospace identification applications include: 
 Simulation model development; 
 Handling qualities analysis and evaluations; and, 
 Control system design and optimization. 
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Analytical approaches to identification may be broadly categorized as either time-
domain or frequency-domain methods. Frequency-domain identification methods, 
such as the one used for this study, are based on the spectral analysis of the input and 
output time histories using FFT techniques. Unlike time-domain methods, frequency-
domain identification does not require high fidelity analytical modeling with its 
inherent assumptions. That is to say, frequency responses (see Equation 6), complex-
valued describing functions that relate the Fourier Transforms of an output parameter 
to an input parameter (non-parametric modeling), can be analyzed without the need to 
first establish a parametric model structure (e.g., state-space or transfer function 
structure). It should be noted that frequency responses are linear approximations of 
the response (the actual aircraft/system dynamics may be nonlinear). 
 
)(
)(
)(
fG
fG
fH
xx
xy
=  (6) 
Frequency-domain methods have a distinct advantage over time-domain approaches 
in that calculation of the frequency response is unbiased for uncorrelated effects such 
as process and measurement noise. Moreover, unlike time-domain techniques, 
frequency-domain techniques are relatively insensitive to input shaping, especially at 
higher frequencies.12 It should be pointed out, however, that frequency-domain 
techniques, as well as time-domain approaches, can be significantly altered by the 
data collection instrumentation/system. In particular, time lags and phase shifts in the 
data adversely affect analysis by frequency-domain techniques. 
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2.5 DATA PRESENTATION 
Frequency responses are presented in the form of a Bode diagram. A Bode diagram is 
comprised of two corresponding plots, the gain plot (input-to-output versus log-
magnitude) and the phase plot (linear-phase versus log-frequency). A Bode diagram 
completely describes the response of a system as a linear approximation. An example 
Bode diagram is shown in Figure 2-1. (Refer to Figure A-1 for the naming convention 
used for the plots.) 
In addition to Bode diagrams, Coherence plots (the graphical presentation of the 
coherence function) are typically presented, as shown in Figure 2-1. The coherence 
function (see Equation 7) provides an indication of the “quality” of the first harmonic 
as a linear model of the particular input-output dynamics.13 The coherence may be 
physically interpreted as the fraction of the output power that is linearly related to the 
input power with the linear effects of the correlated input.14 Thus, a perfectly linear 
relationship between two parameters would have coherence equal to unity. In general, 
the coherence is less than unity due to: 
 Input and output noise in the system (i.e., low signal-to-noise ratio); 
 Secondary/off-axis inputs which excite the system; and, 
 System nonlinearities (i.e., remnants not accounted for by the first harmonic 
describing function). 
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3. NAVION (N66UT) RESEARCH AIRCRAFT 
3.1 AIRCRAFT DESCRIPTION 
The research aircraft is a modified Navion (Registration Number N66UT; Serial 
Number NAV-42013) manufactured by Ryan Aeronautical Company of San Diego, 
California. It is a low-wing, four-place airplane, powered by a single air-cooled 
engine with tricycle landing gear. Its fuselage is an all-metal one-piece semi-
monocoque structure; the empennage is a cantilever monoplane type with a 
conventional horizontal stabilizer and vertical fin arrangement. A picture and a three-
view drawing of the Navion are shown in Figure 3-1and Figure 3-2, respectively. 
Aircraft specifications are presented in Table 3-1. A detailed description of the 
Navion may be found in Reference [15]. 
3.1.1 Aircraft Modifications 
The Navion (N66UT) has several modifications that make it uniquely different than a 
production Navion. The most notable modifications to the Navion (N66UT) are 
flight-test instrumentation (refer to Section 4.2.2) and an analog, variable-stability 
(variable-response) computer and fly-by-wire (FBW) control system The FWB 
system, which is commanded from the pilot’s station, is comprised of an assortment 
of sensors, hydraulically actuated control surfaces (commanded by electrical signals), 
cockpit controls and an analog flight control computer. The computer is housed in the 
cabin in place of the N66UT’s two rear seats. 
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Figure 3-1. Photo of Ryan Navion (N66UT). 
 
 
Figure 3-2. Three-View Drawing of a Navion. 
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Table 3-1. Navion Specifications. 
AIRCRAFT: 
 Length...........................................................................  27 ft, 6 in 
 
WING:  
 Span (b) ........................................................................  33 ft, 5 in 
 Area (S) ........................................................................  184 ft2  
 Sweep, leading edge.....................................................  2.996 deg  
 Aspect Ratio (AR)........................................................  6.04 
 Taper Ratio (λ) .............................................................  0.54 
 Mean aerodynamic chord (MAC) ................................  5.7 ft 
 Dihedral........................................................................  7.5 deg 
 
AIRFOIL: 
 Tip ................................................................................  NACA 6410 
 Root ..............................................................................  NACA 4415 
 Wing loading ................................................................  14.6 lb/ft2  
 
HORIZONTAL TAIL: 
 Area ..............................................................................  43 ft2 
 Aspect ratio ..................................................................  4.0 
 Taper ratio ....................................................................  0.67 
 Airfoil ...........................................................................  NACA 0012 
 
VERTICAL TAIL: 
 Area above horizontal stabilizer...................................  15.5 ft2 
 Rudder area ..................................................................  8.33 ft2 
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Other notable changes to the Navion (N66UT) include: 
 The engine is replaced with the heavier and more powerful Teledyne-
Continental IO-520B engine. This engine is rated at 285 take-off horsepower 
(2700 RPM at sea level). 
 The standard two-bladed propeller is replaced with a McCauley three-bladed 
constant speed propeller. 
 The main landing gear are replaced with stronger struts designed for the 
Camair twin (a Navion conversion with nearly 40% greater GW). As a result 
of this modification, the landing gear are no longer retractable. 
 Hinging and actuation modifications are installed that allow the flaps to be 
deflected up, as well as down, within a ±30 deg range. 
 The mechanical system linking the pilot’s and co-pilot’s flight yoke and 
rudder pedals is removed in lieu of the FBW flight controls installed at the 
pilot’s station. 
 The mechanical flight control coupling system, which applies coordinated 
aileron movement with pedal input, is removed. 
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3.2 CONTROL SYSTEM 
3.2.1 Cockpit Controls 
The conventional flight control system is commanded from the copilot’s station, and 
is fully reversible with the FBW system disengaged.  The primary cockpit controls 
consist of pedals governing rudder action, a control wheel/yoke governing aileron and 
elevator action and an engine throttle. As stated previously, the standard rudder-to-
aileron mechanical coupling system, which applies coordinating aileron movement 
with pedal input, is removed from the Navion (N66UT).  
3.2.2 Moment Controls 
Piloted control of the aircraft’s pitching, rolling, and yawing are through conventional 
elevator, aileron, and rudder control surfaces, respectively. Additional control of the 
aircraft’s pitching is through trim tabs, installed in the trailing edge of each elevator. 
The control surfaces are connected to their respective cockpit controls by various 
combinations of rods/linkages, bell cranks, cables and pulleys. 
3.2.3 Normal Force Control 
Control of the aircraft’s normal acceleration is exercised through set of in-board flaps. 
As stated previously, the installed flaps have hinging and actuation modifications that 
allow the flaps to be deflected over a ±30 deg range. Actuation is hydraulic, with a 
maximum available surface rate of 110 deg/sec. 
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4.  FLIGHT TEST AND DATA AQUISITION 
4.1 FLIGHT TEST 
A test flight was conducted on October 9, 1998 to collect short-term frequency 
response data of the Navion (N66UT), unaugmented (i.e., with the FBW system 
disengaged). The essential test elements were on-axis pilot-generated-frequency-
sweep inputs for each control axis (directional, lateral, longitudinal, and thrust). In 
total, data was collected for 12 frequency sweeps; three on-axis frequency sweeps 
were conducted for each control axis. The flight crew consisted of two crewmembers, 
an experimental test pilot and a flight test engineer. The test pilot flew all 
experimental maneuvers. The flight test engineer manually activated the data 
recording process, monitored the data on strip charts and provided timing cues to the 
test pilot. The duration of the test flight was 1.5 hours.  
4.1.1 Flight Test Conditions 
The test flight was conducted in calm air under daylight visual meteorological 
conditions (VMC) at the Tullahoma Municipal Airport, Tullahoma, Tennessee, on 
October 9, 1998. The test was conducted within the existing envelope of the aircraft 
with the canopy closed, flaps at 0°, the landing gear extended, the FBW system 
disengaged and with the heater and carburetor heat off. The trim configuration was 
steady-state horizontal flight at 90 KCAS at about 5000 ft Hd. The average gross 
weight and C.G. for the data collection flight were 3,242 pounds and 100.3 inches aft 
  16
of datum (24.4% M.A.C.), respectively (refer to Figure A-2 for weight and balance 
calculations). 
4.1.2 Flight Test Technique 
The flight test technique to acquire data consisted of on-axis pilot-generated-
frequency-sweep inputs (see Figure 4-1) for each control axis (directional, lateral, 
longitudinal, and thrust); three on-axis frequency sweeps were conducted for each 
control axis (see Table 4-1). Each sweep was performed by making control 
displacements to either side of trim, at frequencies from 0.1 Hz to approximately 2.0 
Hz. The control displacements were pseudo-sinusoidal in shape, and were large 
enough to affect a noticeable aircraft response, but not so large as to generate large 
airspeed changes (+/- 10 knots), translations or changes in attitude. 
 
Figure 4-1. Example Frequency Sweep Input (Aileron Control Deflection). 
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Table 4-1. Test Matrix. 
CONTROL 
INPUT 
CONTROL 
AXIS 
NO. OF 
EVENTS 
AIRSPEED
[KTS] 
ALT. 
[FT] 
Roll 3 
Pitch 3 
Yaw 3 
Piloted 
Frequency 
Sweep 
Throttle 3 
90 5000 
Roll 3 
Pitch 3 
Yaw 3 
Doublet 
Throttle 3 
90 5000 
 
The sweeps were begun with 3 seconds at trim, followed by two low frequency 
cycles, with periods of approximately 20 seconds (lower end of the desired 
identification frequency range). The sweep frequency was then increased gradually to 
the highest frequency that the pilot could generate (approximately 2 Hz), and then 
returned to the trim condition for 3 seconds (trim data preceding and following the 
sweep are required for CIFER® to concatenate time histories). Each sweep was 
approximately 80 – 100 seconds in duration. Uniformity in the magnitude of control 
input throughout the frequencies was of no particular concern, however, care was 
taken to make sure that off-axis control movement (needed to maintain attitude, etc.) 
were not “in sync” with the on-axis control since correlated movements cannot be 
removed (by data conditioning) to create MISO frequency responses. 
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Control doublets, at various frequencies and amplitudes, for each control axis were 
performed in addition to the frequency sweeps. The data from the doublets are needed 
for time-domain verification of the identification results.  
4.1.3 Special Flight Test Precautions 
There is a high potential for structural damage during ‘bandwidth’ testing, not 
excluding damage severe enough to led to the total loss of the aircraft. More 
specifically, there is the possibility of accidentally exciting a vibratory mode at or 
near the natural frequency of a structural member or other aircraft component, 
particularly if inputs are made with higher magnitudes or frequencies than required. 
Because the test aircraft was not instrumented for continuous measurement of real 
time structural loads, precautions were taken to start frequency sweeps with small 
magnitude inputs at low frequency, increase the magnitude of inputs through the 
middle frequency range and decrease the magnitude of the inputs at high frequency. 
Additionally, the aircraft’s input and response parameters were monitored to observe 
any abnormalities/inconstancies in the data that would suggest a hazardous flight 
situation. 
4.2 DATA AQUISITION 
4.2.1 Cockpit Instrumentation 
Air data (airspeed and altitude) and engine parameters (manifold pressure and RPM), 
as well as OAT, were recorded by hand on flight data cards referencing the aircrafts 
cockpit instrumentation. 
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4.2.2 Flight Test Instrumentation 
Potentiometers, gyroscopes, and linear accelerometers were used in conjunction with 
a data acquisition system (refer to Section 4.2) to record the input and output 
parameters presented in Table 4-2. Five (5) potentiometers were used to measure 
surface positions and body attitudes; the potentiometers were located at their 
respective control surfaces. Three (3) gyroscopes were used to measure body rates; 
the gyros were located in the rear of the cabin “near” the C.G.. Three (3) 
accelerometers were used to measure body accelerations. The accelerometers were 
mounted together 2.3 inches forward of the aircraft’s longitudinal C.G. or 98 inches 
aft of datum (see Figure A-2). The placement of the accelerometer package relative to 
the aircraft’s vertical C.G. was “backed out” during the model identification process 
using basic kinematic relationships. The package was estimated to be about 2.4 inches 
(0.1977 ft) below the vertical C.G. 
4.2.3 Data Acquisition System  
A personal computer-based data acquisition system was used for the test flights. The 
system was comprised of a 12-bit, multi-plexed analog-to-digital (A/D) converter (a 
IoTech DaqBook® 120 shown in Figure A-3) and a 120 Mhz Pentium® notebook 
computer. Using IoTech’s DaqView® software, the computer served three functions: 
(1) to control the DaqBook; (2) to provide real-time storage of all the measured input 
and output parameters (see Table 3-1) for post acquisition retrieval; and (3) to display 
real-time strip charts of each input channel. 
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Table 4-2. Measured Input and Output Parameters. 
INPUT PARAMETERS OUTPUT PARAMETERS 
 Aircraft control deflections 
  -Aileron deflection (δa) 
  -Elevator deflection (δe) 
  -Rudder deflection (δr) 
  -Thrust (δT) 
 
 Body attitudes 
  -Roll attitude (φ) 
  -Pitch attitude (θ) 
  -Yaw attitude (ψ), not 
    instrumented 
 
 
 
 Body angular rates 
  -Roll rate (p) 
  -Pitch rate (q) 
  -Yaw rate (r)  
 
 
 
 Linear accelerations 
  -Longitudinal acceleration (ax) 
  -Lateral acceleration (ay) 
  -Normal acceleration (az) 
 
 
 
 
 
* Reconstructed from body angular rates 
using basic kinematic relationships 
 Speed data * 
 -Longitudinal speed 
   component (u) 
 -Lateral speed component (v) 
  -Normal speed component (w) 
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The system was setup to measure voltage differential across 16 single-ended, bipolar 
input channels (see Table A-1). Total data transfer rates for the test were on the order 
of 800 Kbytes/sec at a sampling rate of 100 Hz for all channels—channel sequencing 
was at 10 millisecond intervals. 
A sufficient number of anti-aliasing filters (one for each channel) were not available; 
thus, filters were not used so as not to induce phase shifts in the data of specific 
channels, or otherwise condition specific data in anyway. It should be noted, 
however, that “pre-filtering” of the data is typically done to remove high frequency 
“noise”, such as structural and engine vibrations. High frequency content, outside the 
range of interest, was digitally filtered out during data conditioning (refer to Section 
5.1). 
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5. PARAMETER IDENTIFICATION AND MODELING 
Parameter identification and model structure determination, including all necessary 
data conditioning and analysis, for this study were accomplished using CIFER® 3.0 
(Comprehensive Identification from FrEquency Responses), a system identification 
and verification software facility developed by Mark Tischler and Mavis Cauffman of 
the U.S. Army’s Aeroflightdynamics Directorate (AFDD) and Mavis Cauffman of 
Sterling Software, Inc, respectively. The identification process followed for this study 
is presented in Figure 5-1. A detailed description of the identification methodology, 
as well as the specific capabilities of CIFER®, may be found in Reference [14]. 
5.1 DATA CONDITIONING AND COMPATABILITY 
The starting point for frequency-domain identification is data conditioning. Unlike 
time-domain approaches, frequency-domain analysis requires that the time-based data 
be converted to frequency-based data used to create frequency responses of each 
input/output pair. The extraction of frequency data from the parameter time histories 
is achieved with CIFER® using the Chirp-Z or “Zoom” FFT. It should be noted that 
the data is also typically pre-processed for dropouts using a “smoother” (e.g., Kalman 
filtering) to avoid computational problems. However, the capability to “smooth” the 
data was not available for this study—no computational problems were encountered 
during the subsequent analysis. Also, the time history data for each parameter were 
first converted to consistent engineering units and digitally filtered at 
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Figure 5-1. Frequency-Domain Identification/Modeling Methodology. 
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5 Hz to remove high frequency data (noise). The time history sets were additionally 
conditioned by digitally resampling the data at 50 Hz—this was done to reduce the 
overall computational burden. 
5.2 SPECTRAL ANALSIS 
The foundation of frequency-domain parameter identification is the creation of 
frequency responses using the responses for each input/output [parameter] pair. Three 
steps are performed to create the conditioned frequency-responses used for model 
structure determination, and ultimately the estimation of the model coefficients (in 
this case the stability and control derivatives). The first step is to generate single-
input/single-output (SISO) frequency-responses for each input/output pair for all of 
time history records for each “sweep” axis. Of the three (3) sweep data sets collected 
for each axis, the “best” two (2) records were selected based on a qualitative 
assessment of the spectral functions for select frequency response pairs. The two (2) 
time history records were then concatenated to form a single record. SISO frequency 
responses were then created for the concatenated records. Also included in the 
analysis are frequency responses for pseudo measurements of udot, vdot, and wdot 
(used for model identification). These pseudo states are reconstructed from the 
[measured] inputs/outputs using the basic kinematic relationships presented in 
Equation 8. Next, “poor” quality frequency-responses, as well as responses that 
showed no correlation, are removed based on analysis of the spectral functions 
(coherence, cross-spectrum, input-autospectrum, and output-autospectrum) for each 
frequency-response pair. Finally, the remaining frequency responses are regenerated 
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for window lengths. For this study, window lengths of 10, 20 and 30 seconds were 
used. 
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 (8) 
The second step is to condition the frequency responses by removing the effect of 
secondary/off-axis control inputs to form a set of multi-input/single-output (MISO) 
responses The MISO frequency responses are created by effectively “filtering” out 
secondary/off-axis inputs (e.g., aileron input to maintain wings level during the 
elevator sweep) using a multivariable spectral analysis technique (a unique capability 
of CIFER®). The resulting MISO frequency responses are equivalent to SISO 
frequency responses that would have been obtained with only a “single” input. 
The third step is to combine the MISO results of [the same] data calculated from the 
various window sizes. For this study, the MISO frequency responses for window 
lengths of 10, 20, and 30 seconds were combined to create a set of [optimal] 
composite frequency responses. Combining windows is a unique capability of 
CIFER®; it is achieved by combining the auto- and cross-spectral density estimates 
using a non-linear, least-squares optimization method. The windows can be thought 
of as sub records of the FFT for the total time history record. The term refers to a 
technique called “windowing” or “tapering” which reduces the erroneous frequency 
content that results from computation of a FFT. Selection of a window length 
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necessarily limits the frequency content of a window (i.e., a sub-record), in that the 
lowest frequency possible is that frequency with a corresponding period the size of 
the window. Thus, use of a single window is a compromise between having low 
frequency content and having a low random error (i.e., erroneous frequency content). 
These steps are repeated until composite responses are created for each input/output 
pair. An example CIFER® output of the spectral analysis and frequency response 
conditioning steps described above is presented in Figure A-4.  
5.3 MODEL SETUP 
The 6-DOF model structure is assumed to be governed by Equation 2 and Equation 3, 
where: 
  [ ]TTreau δδδδ=  
  [ ]Trqpwvux θφ=  
[ ]Tzyx aaarqpwvuy =  
For this study, however, analysis of the frequency response pairs for the thrust 
parameters lead to the removal of all of the thrust derivatives from the model 
structure due to poor coherence throughout the entire frequency range of interest.  
Furthermore, analysis of the frequency-response pairs for the longitudinal cross-
coupling parameters showed that there was either no cross-correlation between 
parameters or a negligible response. Therefore, the cross-coupling derivatives listed 
in Table 5-1 were “dropped” from the model. Dropping these parameters resulted in  
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Table 5-1. Parameters Removed During Initial Model Setup. 
u
v
w
p
q
r
Mδr, MrMδa, Mp
δe δa δr
Xδr, Xr
Zδr, Zr
Xδa, Xp
Zδa, Zp
Nδe, Nq
Xδe, Xq
Yδe,Yq
Lδe, Lq
 
two (2) 3-DOF subsystem models, similar to Equation 4 and Equation 5 for the 
longitudinal and lateral/directional dynamics, respectively.  
In addition to stipulating the initial model structure, it is necessary to specify the 
frequency ranges of “good” data for each of the input/output frequency-response pairs 
that correspond to the model parameters—this is a critical step since the inclusion of 
“bad” data can adversely affect the determination of the coefficient values. The low 
and upper frequency range is selected based on an overall range of “good” coherence 
(greater than 0.6)—each frequency point is weighted during the optimization process 
based on the coherence value at that point. The frequency ranges selected for this 
study are presented in Table 5-2. 
Another necessary step is the estimation of the initial model parameters. Like any 
technique that uses an optimization routine, estimates for the initial parameter vales 
should be reasonably close to the expected final values to ensure that the converged 
solution isn’t for local minima that do not have any physical correlation to stability 
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Table 5-2. Frequency Ranges for Selected Frequency-Response Pairs. 
ω min ω max ω min ω max ω min ω max ω min ω max
u 0.3 4
v 0.4 17 0.2 20
w 0.2 10
p 0.2 20 0.2 15
q 0.3 20
r 0.2 8 0.9 20
ax
ay 0.2 15 0.2 15
az 0.2 7
φ 0.2 20 0.2 7
θ 0.25 15
δe δa δr δT
 
and control derivatives.  
For this study, wind tunnel results from Reference [16] were used to “initialize” both 
the longitudinal and lateral/directional subsystem models (see Table A-2 and Table 
A-3 for initial values). Initial values for the model could have also been obtained in 
part or in whole from three possible sources: 
1) Modal characteristics from direct inversion of transfer-function model fits of 
frequency-response data (see Figure A-5 for an example); 
2) Equation-error identification results; and, 
3) A priori values based on simulation models or other data sources.7 
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5.4 MODEL STRUCTURE DETERMINATION 
The purpose of model structure determination is to identify and remove parameters 
that either do not contribute or only marginally contribute to the fidelity of the model. 
Using CIFER®, the state-space models of some specified general structure and of 
high-order are simultaneously fitted for all the frequency responses. The process is 
iterative; it involves minimizing the weighted square-error between the measured 
frequency responses (see Figure A-4) and the model’s frequency responses. The 
parameter values are determined with CIFER® using a nonlinear pattern search 
(Secant) algorithm that matches MISO frequency-responses. The final model 
structure is determined by eliminating parameters one-by-one and reconverging the 
solution until the error function (i.e., the “cost”) for the model is reduced to an 
acceptable level or begins to increase. Parameters that the model is insensitive to or 
that are highly correlated to other parameters are identified by their large individual 
“cost.” Parameters that the model is insensitive to are removed first (one-by-one), and 
the model is reconverged until the solution has insensitivities less than 10%. Then, 
parameters that are highly correlated to another parameters or multiple parameters, as 
measured by their Cramer-Rao bounds, are eliminated from the model one-by-one, 
and the model is reconverged. The judgment as to which parameter to eliminate is 
based on confidence ellipsoids and/or physical principals. A minimally parameterized 
model is achieved once all the parameters in the converged solution have Cramer-Rao 
bounds less than 20%. 
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The converged longitudinal and lateral/directional model parameters, and associated 
Cramer Rao bounds and cost functions, are presented in Table A-2 and Table A-3, 
respectively. Bode diagrams and coherence plots for the resulting frequency 
responses for the longitudinal and lateral/directional models are presented in Figure 
A-6 and Figure A-7, respectively. 
5.5 TIME DOMAIN VERIFICATION 
The final step in the identification process (see Figure 5-1) is model verification. 
Ultimately, this step demonstrates the predictive capability of a model by showing the 
aircraft’s dynamic behavior, in both magnitude and phase. Verification is 
accomplished with CIFER® by driving the identified state-space model(s) with 
dissimilar flight (i.e., data not used during the identification process). For this study 
control doublets collected during the flight test are used. The unknown [time-domain] 
state equation biases and reference (or zero) shifts are determined by performing a 
non-iterative minimization of the weighted least square error between the model and 
vehicle responses.  
The time history plots for the longitudinal and lateral/directional models are presented 
in Section 6.2 and Section 6.3 , respectively. 
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6. RESULTS 
6.1 GENERAL 
3-DOF models for the decoupled longitudinal and lateral/directional, rigid-body 
dynamics of the Navion (N66UT) were extracted from flight data for the cruise flight 
condition (V = 90 KCAS). The models were derived using the frequency-domain 
identification methodology described in Section 1. The resulting model structure (two 
3-DOF subsystem models instead of a 6-DOF) was arrived at “a priori” based on 
analysis of the MISO frequency responses of the [measured] parameters. The analysis 
showed that there was either no cross-correlation between parameters or a negligible 
response for the longitudinal cross-coupling parameters. Similarly, analysis of the 
thrust parameters lead to the removal of all thrust derivatives due to poor coherence 
throughout the entire frequency range of interest. In total, (17) “conditioned” 
frequency response pairs were used to determine the model structure. Bode diagrams 
of these frequency response pairs, along with a few selected pairs with “poor” 
coherence throughout the frequency range, are presented in Figure A-8, Figure A-9 
and Figure A-10. The model parameters, the extracted longitudinal and 
lateral/directional derivatives, are presented along with the identified models in the 
following sections.  
6.2 LONGITUDINAL DYNAMICS 
The minimally parameterized model identified for the decoupled longitudinal 
dynamics is presented in Equation 9. The validity of the model is demonstrated by 
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time history plots of the model versus flight data for an elevator control doublet, as 
shown in Figure 6-1. The time histories show that that the model closely predicts, in 
both magnitude and phase, the aircraft’s on- and off-axis response for dissimilar flight 
data. 
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 (9) 
The derivatives extracted from the model are presented in Table 6-1, along with 
estimated values (based on non-dimensional coefficients) obtained from the wind 
tunnel test results presented in Reference [16] for the landing gear up. The identified 
values do not compare well with the wind tunnel results. In particular, the Zu, Mu and 
Mw differ substantially in magnitude and/or sign. These derivatives, along with Zδe 
(which was dropped during model convergence due its large insensitivity), are 
considered to be questionable since there was insufficient low frequency content in 
the flight data. Analysis of the corresponding frequency-responses shows that the 
coherence is poor at frequencies between 0.2 rad/sec and 0.8 rad/sec, indicating that  
the aircraft’s dynamics were not sufficiently excited (and possible signal-to-noise 
issues for the measurements for ax and az). Also apparent is the fact that the identified 
values are for the landing gear [fixed] down, not up as in the wind tunnel case. 
Additional flight data, with adequate low frequency content, is necessary to better 
determine these values. 
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Flight Data 
Identified Model 
 
Figure 6-1. Time Histories of the Identified Longitudinal Model for an Elevator 
Doublet. 
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Table 6-1. Identified Longitudinal Dimensional Derivatives. 
Name Units
Xu 1/sec -0.092 -0.045
Xw 1/sec 0.0424 0.0361
Zu 1/sec 10.51 -0.37
Zw 1/sec -3.066 -2.024
Zq ft/sec 51.01 --
Mu+MwdotZu 1/(sec ⋅ ft) 0.2054 0.0018
Mw+MwdotZw 1/(sec ⋅ ft) -0.056 -0.039
Mq+Mwdotu o 1/sec -2.114 -2.861
Xδe ft/(sec
2) 0 † --
Zδe ft/(sec
2) 0 †† -28.17
Mδe+MwdotZδe 1/sec
2 -12.67 -11.19
* Body-axis coordinate system
† Not included in model structure bases on spectral analysis
†† Eliminated during model structure determination
Derivative * Results from 
Reference 16
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Results from 
present study
 
Note: Descriptions of the longitudinal dimensional derivatives can be found in Table A-4.
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For comparison, the eigenvalues of the stability matrix for both the identified model 
and the wind tunnel results are presented in Table 6-2 and Table 6-3, respectively. 
The corresponding Root Locus diagrams are presented in Figure 6-2 and Figure 6-3. 
The phugoid eigenvalues do not agree well with the estimated phugoid mode. 
Specifically, the phugoid damping ratio is too large—a short period estimation of the 
damping ratio from flight data suggest that the damping should be between 0.2 and 
0.3. The speed derivatives Zu and Mu are directly related to the phugoid motion; not 
surprisingly, the identified values for these derivatives differ greatly from the 
estimated values. 
Table 6-2. Longitudinal Dynamic Stability Modes for the Identified Longitudinal 
Model. 
Eigenvalue Damping Ratio (ζ) Frequency (ω) Mode 
-0.188+0.237i 0.620 0.303 Phugoid 
-0.188-0.237i 0.620 0.303 Phugoid 
-2.45+3.04i .627 3.90 Short period 
-2.45-3.04i .627 3.90 Short period 
 
Table 6-3. Longitudinal Dynamic Stability Modes for the Comparison Model 
Based On the Wind Tunnel Results. 
Eigenvalue Damping Ratio (ζ) Frequency (ω) Mode 
-0.242E-01+0.221i 0.108 0.223 Phugoid 
-0.242E-01-0.221i 0.108 0.223 Phugoid 
-2.48+2.40i 0.718 3.455 Short period 
-2.48-2.40i 0.718 3.455 Short period 
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Figure 6-2. Root Locus Diagram of the Identified Longitudinal Model. 
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Figure 6-3. Root Locus Diagram of the Comparison Model Based on the Wind 
Tunnel Results.
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6.3 LATERAL/DIRECTIONAL DYNAMICS 
The minimally parameterized model identified for the lateral/directional dynamics is 
presented in Equation 10. The validity of the model is demonstrated by time history 
plots of the model versus flight data for an aileron control doublet and rudder control 
doublet, as shown in Figure 6-4 and Figure 6-5, respectively. The time histories show 
that the model closely predicts, in both magnitude and phase, the aircraft’s on- and 
off-axis response for dissimilar flight data. The model is valid over a frequency range 
of 0.2 to 12 rad/sec. 
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 (10) 
The lateral/directional derivatives extracted from the model are presented in Table 
6-4, along with estimated values from the wind tunnel results presented in Reference 
[16]. The derivatives compare well; Nδa and Yδr are the only two notable exceptions. 
The positive value for the identified Nδa suggests that the aircraft exhibits a direct 
couple, or “proverse” yaw, which is contrary to the “adverse” yaw indicated by the 
wind tunnel results. In-flight observation of the aircraft’s response confirmed that the 
Navion (N66UT) has a “proverse” yaw response. Furthermore, the magnitude of both 
Nδa and Yδr may be explained by the fact that the sweep input is dynamic and of small 
amplitude, as opposed to a static, large amplitude input for the wind tunnel case. 
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Flight Data 
Identified Model 
 
Figure 6-4. Time Histories of the Identified Lateral/Directional Model for an 
Aileron Doublet. 
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Figure 6-5. Time Histories of the Identified Lateral/Directional Model for a 
Rudder Doublet. 
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Table 6-4. Identified Lateral/Directional Dimensional Derivatives. 
Name Units
Yv 1/sec -0.093 -0.254
Yp ft/sec 0
†† --
Yr ft/sec 1.617 --
Lv 1/(sec ⋅ ft) -0.059 -0.091
Lp 1/sec -5.816 -8.402
Lr 1/sec 1.854 2.193
Nv 1/(sec ⋅ ft) 0.0299 0.025
Np 1/sec -0.548 -0.35
Nr 1/sec -0.953 -0.761
Yδa ft/(sec
2) 0 † --
Yδr ft/(sec
2) 3.469 12.45
Lδa 1/sec
2 15.74 28.98
Lδr 1/sec
2 1.38 2.548
Nδa 1/sec
2 0.4862 -0.222
Nδr 1/sec
2 -4.288 -4.597
* Body-axis coordinate system
† Not included in model structure bases on spectral analysis
†† Eliminated during model structure determination
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Note: Descriptions of the lateral/direction dimensional derivatives can be found in Table A-5. 
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For comparison, the eigenvalues of the stability matrix for both the identified model 
and the wind tunnel results are presented in Table 6-5 and Table 6-6, respectively. 
The corresponding Root Locus diagrams are presented in Figure 6-6 and Figure 6-7. 
The natural frequency and damping ratio of the Dutch roll mode, and time delay for 
the spiral mode, for the identified model are essentially identical to wind tunnel 
results. The time delay for the roll mode, however, is about 45% less for the identified 
model. This is likely due to the larger vertical fin on the test aircraft. 
Table 6-5. Lateral/Directional Dynamic Stability Modes for the Identified 
Model. 
Eigenvalue Damping Ratio (ζ) Frequency (ω) Mode 
-0.0111 N/A N/A Spiral 
-0.551-2.17i 0.246 2.24 Dutch roll 
-0.551+2.17i 0.246 2.24 Dutch roll 
-8.30 N/A N/A Roll 
 
Table 6-6. Lateral/Directional Dynamic Stability Modes for the Comparison 
Model Based on the Wind Tunnel Results. 
Eigenvalue Damping Ratio (ζ) Frequency (ω) Mode 
-0.00101 N/A N/A Spiral 
-0.562-2.35i 0.232 2.42 Dutch roll 
-0.562+2.35i 0.232 2.42 Dutch roll 
-5.74 N/A N/A Roll 
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Figure 6-6. Root Locus Diagram for the Identified Lateral/Directional Model. 
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Figure 6-7. Root Locus Diagram for the Comparison Model Based on the Wind 
Tunnel Results.
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7. CONCLUDING REMARKS 
The identified longitudinal and lateral/directional models closely predict the Navion's 
(N66UT) on- and off-axis responses. The extracted lateral/directional derivatives 
closely match previous wind tunnel results. The longitudinal derivatives, however, 
differ, in some cases significantly, from the previous values. Differences for the 
longitudinal derivatives are attributed to insufficient excitation of key parameters 
throughout the frequency range of interest, and to differences in the test conditions 
(most notably that N66UT has its gear fixed down). Further investigation, including 
additional data collection, is required to better identify these derivatives. Such future 
efforts should be conducted using a Navion with retractable gear. 
 44 
8. RECOMMENDATIONS  
The identification analysis should be re-accomplished for the longitudinal dynamic 
model to better characterize Zu, Zδe, Mu and Mw. The additional flight data needed for 
this effort should be collected using a Navion with retractable gear so that a more 
direct comparison with previous results can be made. The location of the Navion’s 
(N66UT) C.G. (vertical, lateral, and longitudinal) should also be determined prior to 
collecting any data so that the accelerometers can be [properly] placed at the C.G.—
this will avoid having to “back” out the location, and prevent any unnecessary data 
collection errors from being introduced into the analysis. 
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Frequency response data within CIFER® is identified according to the following 
naming convention: 
 
CASENAME_PGM_WINDS_CTRL_OUTC 
 
The CASENAME is a user defined 8-character alpha-numeric case name. PGM is a 
3-character abbreviation of the CIFER® sub-program that generated the frequency 
responses. The applicable abbreviations are as follows: 
 
FRESPID spectral analysis and frequency-response identification 
program 
MISOSA multi-input/single-output [frequency-response] 
conditioning program 
COMPOSITE multi-window averaging [frequency-response] program 
DERIVID generalized stability derivative identification from 
frequency responses program 
VERIFY state-space model verification program 
 
WINDS denotes which user defined windows, labeled A, B, C, D and/or E comprise 
the frequency response. For this study, the window lengths are defined as follows: A 
= 30 sec, B = 20 sec, and C = 10 sec; windows D and E were not defined. For 
example, a frequency response comprised of windows A and C would be indicated as 
A0C00. CTRL and OUTC are user defined 4-character alpha-numeric input/control 
parameters names; the names for each parameter are identified in the Nomenclature 
section of report. 
 
For example, the composite (COM) frequency response for three different window 
sizes (A, B, and C) of the aileron input (DAIL) to roll rate (P), based on the time 
history data for the aileron axis sweep (CCLATSWP), would labeled as follows: 
 
CCLATSWP_COM_ABC00_DAIL_P 
 
In addition to the naming convention described above, “Ph: 360” may appear on plots 
next to a frequency response name; this indicates that a phase shift was required for 
data analysis. Similarly, “Pw:  -1” may also appear on plots; this indicates the power 
of a Laplacian integration (recall, s is the complex frequency in the Laplace domain) 
multiplied into the transfer function. 
 
Figure A-1. CIFER® Naming Convention for Plots. 
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Navion (N66UT) Weight and Balance 
  
Flight Test: Open-Loop Frequency Response  
Crew: William Lewis, pilot, and Charles Catterall, test engineer  
Date: 9 Oct 98    
    
TAKEOFF CONDITIONS  
    
Description Weight (lbs)  Arm (in)  Moment (in-lbs) 
Basic Aircraft 2546 100.79       256,605.69 
Pilot/Copilot* 430 96.0 41,280 
Laptop Computer 10 96.0 960 
DaqBook Shelf 20 116.0 2,320 
Fuel (39.5 gallons) 237 103.0 24,411 
Total 3242 lbs  325,577 in-lbs 
    
CG = Moment/weight = 100.39 in  
CG Location 100.39 in. – 83.66 in = 16.73 in/68.35 in x 100 = 24.5% M.A.C 
    
    
LANDING CONDITIONS  
    
Description Weight (lbs)  Arm (in)  Moment (in-lbs) 
Takeoff Conditions 3242 100.4 325,576.69 
Fuel Burned (21.7 
gallons) 
(130.2) 103.0 (13,410.6) 
Total 3112 lbs  312,166 in-lbs 
    
CG = Moment/weight = 100.32 in  
CG Location 100.32 in. – 83.66 in = 16.66 in/68.35 in x 100 = 24.4% M.A.C 
    
    
Figure A-2. Weight and Balance Sheet for Frequency Response Flight Test. 
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Figure A-3. Photo of DaqBook Installation in N66UT’s Cabin. 
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Table A-1. Input and Output/Response Parameters 
 
INPUT AND OUTPUT/RESPONSE PARAMETERS 
 
CHANNEL 
 
Control Positions (measured by potentiometers*) 
 
Pilot’s aileron wheel position (δA)  00 
Pilot’s elevator wheel position (δE)  01 
Pilot’s pedal position (δP)  02 
Pilot’s throttle position (δT)  03 
 
Angular Body Rates (measured by gyroscopes) 
 
Roll rate (p)  04 
Pitch rate (q)  05 
Yaw rate (r)  06 
 
Linear Body Accelerations (measured by linear accelerometers) 
 
Longitudinal acceleration (ax)  07 
Lateral acceleration (ay)  08 
Normal acceleration (az)  09 
 
Control Surface Positions (measured by potentiometers) 
 
Aileron position (δa)  10 
Elevator position (δe)  11 
Rudder position (δr)  12 
Throttle position (δt)  13 
 
Attitudes (measured by potentiometers) 
 
Roll (φ)  14 
Pitch (θ)  15 
   
* Except for the throttle, which was measured as a linear displacement from the FBW system. 
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Table A-4. Relevant Longitudinal Dimensional Derivatives. 
Stability 
Derivative Description Units 
Yβ Dimensional variation of Y force with sideslip angle ft/sec2 
Yp Dimensional variation of Y force with roll rate ft/sec 
Yr Dimensional variation of Y force with yaw rate ft/sec 
Yδa Dimensional variation of Y force with aileron angle ft/sec2 
Yδr Dimensional variation of Y force with rudder angle ft/sec2 
Lβ 
Dimensional variation of rolling moment with 
sideslip angle 1/sec
2 
Lp 
Dimensional variation of rolling moment with roll 
rate 1/sec 
Lr 
Dimensional variation of rolling moment with yaw 
rate 1/sec 
Lδa 
Dimensional variation of rolling moment with aileron 
angle 1/sec
2 
Lδr 
Dimensional variation of rolling moment rudder 
angle 1/sec
2 
Nβ 
Dimensional variation of yawing moment with 
sideslip angle 1/sec
2 
Np 
Dimensional variation of yawing moment with roll 
rate 1/sec 
Nr 
Dimensional variation of yawing moment with yaw 
rate 1/sec 
Nδa 
Dimensional variation of yawing moment with 
aileron angle 1/sec
2 
Nδr 
Dimensional variation of yawing moment with 
rudder angle 1/sec
2 
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Table A-5. Relevant Lateral/Directional Dimensional Derivatives. 
Stability 
Derivative Description Units 
   
Xu 
Dimensional variation of X force with speed along 
the X-axis 1/sec 
Xw 
Dimensional variation of X force with speed along 
the Z-axis 1/sec 
Zu 
Dimensional variation of Z force with speed along 
the X-axis 1/sec 
Zw 
Dimensional variation of Z force with speed along 
the Z-axis 1/sec 
Zq Dimensional variation of Z force with pitch rate ft/sec 
Zα Dimensional variation of Z force with angle of attack ft/sec2 
Zwdot 
Dimensional variation of Z force with rate change of 
pitch rate (i.e., vertical acceleration) 1 
Zαdot 
Dimensional variation of Z force with rate change of 
angle of attack ft/sec 
Zδe Dimensional variation of Z force with elevator angle ft/sec2 
Mu 
Dimensional variation of pitching moment with 
speed along the X-axis 1/ft-sec 
Mw 
Dimensional variation of pitching moment with 
speed along the Z-axis 1/ft-sec 
Mq 
Dimensional variation of pitching moment with pitch 
rate 1/sec 
Mα 
Dimensional variation of pitching moment with angle 
of attack 1/sec
2 
Mwdot 
Dimensional variation of pitching moment with rate 
change of pitch rate (i.e., vertical acceleration) 1/ft 
Mαdot 
Dimensional variation of pitching moment with rate 
change of angle of attack 1/sec 
Mδe 
Dimensional variation of pitching moment with 
elevator angle 1/sec
2 
 
 131 
VITA 
Robert Charles Catterall was born in Rockford, Illinois, on May 23, 1974. In 1986 he 
moved to Mt. Juliet, Tennessee, where he later graduated from Mt. Juliet Christian 
Academy in 1992. Thereafter, he attended Tennessee Technological University, in 
Cookeville, Tennessee, where he received a Bachelor of Science in Mechanical 
Engineering with a minor in Mathematics in 1997. From there, he attended the 
University of Tennessee Space Institute (UTSI), in Tullahoma, Tennessee, to pursue a 
Master of Science degree, with a major in Aviation Systems.  
Robert is currently a Sr. Engineer with the Enabling Technologies group at Delta Air 
Lines, in Atlanta, Georgia. 
